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NATIONAL ADVISORY COMMITTEE FOR AEROIYAUTICS 

FU3SEARCH MEMORANDUM 

A PHOTOGRAPHIC STUDY OF FREEZING OF WATER DROPUTS 

By  Robert G. Dorsch asd  Joseph  Levine 

A photographic  technique for investigating water droplets of diame- 
t e r  less than 200 microns f a U 3  f ree ly  in afr at temperatures between 
Oo and -50° C has been  devised and used t o  determine: 

(I) The shape of frozen  droplets 

(2) The occurrence of collisions of partly frozen  or of frozen and 
l iquid  droplets 

(3) The s t a t i s t i c s  on the  freezing temperatures of individual 
free-fall ing  droplets 

A considerable  nuuher  of  droplets were found t o  have a nons~her ica l  
shape  af'ter  freezing  because of various  protuberances and f r o s t  growth, 
and tiroplet  aggregates formed by collision. The observed  frequency of 
col l is ion of partly  frozen  droplets showed  good order of magnitude agree- 
ment with  the  frequency computed from theoretical   collection  effi- '  
ciencies. The freezing  temperature  statistics  indicated E general 
similarity of the data t o  those  obtained for droplets  frozen on a metal- 
l i c  surface i n  previous  experlnaents. 

INTBODUCTION 

The presence of supercooled d r q l e t s   i n  clouds i s  the  primary  factor 
responsible for the   a i rcraf t   ic ing hazard; consequently, a complete 
howledge of the physical  conditione under which supercooled  clouds may 
ex i s t ,  and the  factors that cause a supercooled c l m d  to transform t o  an 
ice-crystal  cloud i s  necessary. A howledge of the  factors  causing the 
transformat ion of a smercooled  cloud' to an ice-crystal  cloud is of ' 

hportance because ice-crystal  clouds, in general, do not  present  an 
afrcraft  icing  hazard. In addition, the occurrence of precipi ta t ion 
from a cloud i n   t h e  f o r n  of rain or snow i s  usually preceded by the 

P 

. crpGs3lization  of a portion of  the  cloud. 
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The complexity of the problem has -neceseltated,  to h t e ,  p r h a r i l y  
a laboratory approach from which useful physicid data have- been  obtained- 
i n  the past  several  years. The behavior of supercooled  water i n  bulk 
and In  the form of droplets  supported on thermocouples or metallic sur- 
faces has been extensively  investigated  (references 1 t o  4) .  I n  addi- 
tion,  laboratory  investigations- of sslpercooied droplets  supported by aFr" 
have  been made, but  these  have been largely confined to.detemlnlng the 
conditions  under which liquid-droplet  clouds  transform t o  ice-crystal  
clouds  (references 5 t o  7 ) .  Studies of the trankformation of individual 
free-fall ing l iqu id  droplets to ice have not be- made i n  any great 
detai l   for   droplets  i n  the s i ze  range (less than 200 p i n  dim.) found 
in  icing  clouds. 
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Water drople t s   fa l l ing   f ree ly   in  a i r  a t .  temperatures between Oo and 
-500 C were investigated  photographically at the NACA Lewis laboratory 
t o  determine : . .. .. 

. .  . . . . " - .. - 

" 

(1) The shape of frozen d"rOplet8 ". " ". 

( 2 )  The occurrence of coll isions -of partly  frozen o r  of frozen m d  
liquid  droplets , 

. .. *.- -i 

(3) The s t a t i s t i c s  on the'freezing tqera tures  of individual . - . . . . . - 

free-falling  droplets 
. -,-- 

*. 

APPARATUS , - .  

A schematic dra- of the apparatus fo r  observing the presence of 
frozen  droplets among free-falling  droplets i s  shown in  f igure 1. The 
entire  apparatus,  with  the  exception of the temperature  recording  device, 
w a s  housed i n  a large  cold chamber (inside dimensions approximately 
10 ft long, 7 P t  wide, and 10 f t  high; A photograph  of the  apparatus 
i n  place i n  the  large  cold chamber is  shown in  f igure 2. The apparatus 
consisted of a heated  spray chamber from whick aEoplets  settled  into a 
cooled 4- by 4-inch  vertical  duct. T h e  cooled  droplets were photographed 
with a camera and spark source as .they  passed wfndows at the bott-om of . .L ." 

the  duct  after a +foot fa l l .  Provision was m a d e .  fo r  pumping a- out 
through one end of the  spray chamber ,' sb that an upward flow .of cold air 
from the  cold chamber could  be imposed in- the  ver t ical   duct .  
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The spray chamber w a s  kept at temperatures above- freezing by a 
. - .  ---  

. .  

copper  steam  pipe  soldered t o   t h e  w a l l s .  -of the chaniber. .Siprilarly, in 
order  to  prevent  the water pipes  from-freezing,  .the  steam  pipes were 
conducted. t u  and from the  spray chaniber i n  contact with the water I$IES.  
The heated  portions of the  apparatus were insulated  with f e l t   t a  minimize 
heat  losses. Both the  spray chzunber and ver t i ca l  duct were made from + ?  
Inconel metal t o  avoid corrosion. 

. .  - 
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Thermocouples were installed  in  the  spray  nozzles f o r  measuring the . 
water  temperature. m e  air  temperature in  the  cold  vertical   duct w a s  
measured at three-ver t ical   posi t ions (top, center, and camera level)  by 
pumping air from. the  duct  past  thermcouples housed i n  3/4-inch diameter 
tubes  attached t o  a w a l l  of the  duct. Glass-wool f i l t e r s  prevented P 

stray droplets from str iking  the thermocouples. The mass-flow rate of 
the air pumped from the  duct was  obtained from the  area of the 
thermocouple-housing tube and $he local static pressure  in  the  housing 

. .  . .  . .  

N tube measured  by a micrommoEter. Low mass-flow rates were used i n  
cn order  not  to  disturb  appreciably the air i n  the duct. The temperatures 0 4  

P 
were recorded on a strip-chart  self-balancfng  potentiometer  placed  out- 
side the large  cold chamber, 

The lens' of the camera  used t o  photograph the cooled  droplets was 
similar t o  those  used in motion-picture cameras and had a foca l   r a t io  of 
f/2.8 and a focal  length of 2 inches. The depth of f i e l d  w a s  approxi- 
mately 0.4 millimeter and the volume  of f ield was 0.036 cubic  centi- 
meter. The image distance'was aBproxFmately 44 inches  and  the  magnifi- 
cation was 22X. The depth of f i e l d  and the  magnification were measured 
by taking photographs of a group of f ine  quartz fibers  placed  succes- 
s ively at greater distances from the  face of the camera lens. The 
accuracy of the  diameter measurements varies from 35 percent at 
100 microns to 9 0  percent at 10 microns. B r i g h t  f ield  i l lumination 
was furnished by a spark source  located on the  opposite  side of the 
vertical  duct from the camera. The spask source and its power suppljr 
are  described  in  references  8 and 9. The spark  duration was approxi- 
mately 2 microseconds, which was a  sufficiently short exposure time to 
yield sharp droplet images. 

-~ 

Droplet  photographs w e r e  taken  with  fast  orthochromatic 8- by 10- 
inch film. Long developmenk t h e  (10 min) was found t o  be  necessary i n  
order t o  give  sufficient  contrast. The hages  of the  droplets  appeared 
on the  negatives as white areas on a dark background. Many of the drop- - 
l e t  m e s  had dark spots in' the  center, which  were images of the  spark 
source formed by the  droplets. A posit ive photograph of the droplets at 
room temperature  taken  with  this  apparatus i s  shown i n  f igure 3. 

A n  upward flow of cold air from the chamber could  be  hposed i n  the 
ver t ical   duct   in  order t o  s l o w  the rate of f a l l  of the  droplets and 
thereby t o  obtain a longer  coolfng time before  the  droplets were photo- 
graphed. The air out le t  from the  spray chamber narrowed  from a 4- by 
4-inch  cross-sectional  mea in the  duct 1- by 1-Inch. Thus the air- 

. flow  velocity was increased  in  the  constricted  portion of the  outlet  t o  - a value which could  be measured  by t o t a l  and s ta t ic   tubes connected to a 
micromanometer. 

- The forego-  arrangement permitted  the  required  control and rough 
measurement of low vert ical-air   veloci t ies .  Inasmuch as the  pressure 
different ia l   for   the  veloci t ies  used was o n l y  of the  order of 0.02 inch 
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of water in  the  1"by 1-inch section, a precise measurement of velo- 
c i t i e s  was difficult by t h i s  method. A more accura te   de tednat ion  of 
the  duct  velocity was obtained from the  terminal  velocity  calculated 
for  the  smallest  droplet-  appearing i n  the..  duct'as  determined from the 
droplet  photographs. .. . . .  . . .. .. .~ .- . . . . .~ - ." " 

Y 

. .  
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PROCEDURE 

Droplet  temperature. - A direct  measurement of droplet  temperature 
was not  possible  with  .the  apparatus  just  described,  but a computation 
of how close a droplet of a given  size w i l l  approach the  cold air tem- 
perature of the  duct  in dropping from the warm spray-chamber t o  the 
camera window level   in   the  ver t ical   duct  (127 cm) was possible. The 
method used f o r  making these  computations  is'described  in-appendix A. 
The computed resu l t s   a re  summarized i n  figure 4, which indicates  that  
droplets 200 microns or  leks' i n  diameter. have a temperature negligfbly 
different from air temperature a t  camera leirel in the  duct. The duct 
air temperatures measured by the thermocouples at the midpoint  and a t  
camera level  were usually the same (within lo C ) .  The temperature 
measured by the upper  thermocouple was somewhat higher (ZO to 3' C )  
because of the  proximity of the  heated  spray chamber. 

. "" 
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Detection of frozen  droplets. - I n  addition  to  determining  the tem- 
perature  cf  the  droplets it was desirable  to  f ind a means .of differen- 
t i a t ing  8; frozen  droplet from a supercooled liquid  droplet. A previous 
investigation showed that a droplet suspended fr0m.a thermocouple and 
observed i n  bright f i e l d  illumination generally forms a crude image of 
t h e   l i g h t   s m c e ,  which appears i n  the  positive  photographs as a bright 
spot at the  center of the dark circular  droplet image. . ! T h e  .-freezing 
of a supercooled  droplet  thus .suspended w-as detectedLby  the  disappear- 
ance or marked decrease in intensi ty  of the  bright  spot at the  center 
of the  droplet image in  an investigation i n  i948by:&&.-Ci- ..Johnson at. 
Massachusetts Ins t i tu te  of Technology: ~Eives~€igations a t  the NACA 
Lewis  laboratory  substantiate  this method f o r  use wfth droplets GUS- 
pended from a thermocouple.  Because similar bright spots occur i n  the 
images of free falYng droplets  .photogragh.ed.with  .the camera, 4n attempt 
was  made t o  use the foregoing  criterion  for  determining when f ree  
fall ing  droplets were frozen. " . . .. . ." 

" 

An examination of the  droplet images on the  photographic negatives 
disclosed  that a considerable por t ion  of the images had a  noncircular 
outline. For reasons,-discussed-in  the  Results and Discussion  section, 
these  noncircular  irmges.wre  considered t o  be  indlcative.of  frozen 
droplets. However, considerable nrmibers of kliese a o n c i r c d e  +ages 
had b-right  spots  at the center. This obvious"c-&itra&ct~ion- coupled with"" 
the apparent r e l i ab i l i t y  of the noncircular Fmage criterion  eliminated 
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frozen-droplet  detection by the  bright spot method. Although noncircu- 

udmown portion of circular  droplets may also be frozen.  Circular 
images may be produced by nonspherical (and thus  frozen)  droplets 
because of thelr   par t icular   or ientat ion to the  camera. Inasmuch as 
neither  the  portion of the circular droplet images that are due t o  
unfrozen  spherical droplets nor the portion.due to droplets that are 
frozen asd remained spherical i s  known, any aesolute estimate of the 
r a t io  of f rozen  to  unfrozen  droplets i n  a particular sanrple is  Impossi- 
ble. A n  appraisal of the   ra t io  of noncircular  droplets to the sum of 
the circular plus  noncircular'droplets was therefore made as the best 
means available to detect  droplet  freezing trends. 

II . lar   droplet  Images are  definite  indicakors of frozen  droplets, an 

Range  of conditions. - Droplet  photographs wePe taken at various 
temperatures  ranging from Oo to -51' C. A s o u p  of droplet photographs 
were a l s o  taken at room tenperatwe (approx-tely 200 C )  f o r   c o q a r i -  
son with  those taken at temperatures below 00 C.  For droplets between 
$s and 200 microns in diameter,  the temperature range below 00 C was 
completely  covered by photographs taken  with an updraft veloci ty   in   the 
6uct of approximately 7 centfmeters  per second (terminal  velocity  for a 
d6-micron droplet) . Because of current interest i n  the rate of forma- 
t ion  of ice   crystals  in the  temperature  region of -400 C, the  terupera- 

taken  with no updraft i n  the duct. For t h i s  range, inasmuch as no 
updraft w a s  used, it was  possible t o  extend the lower limit of the drop- 
let  diameter range f r o m  46 to 5 microns. 

m 

- ture range from -360 t o  -48.5O C was also covered  by droplet photographs 

RESULTS AWD DISCUSSION 

Shape of frozen  droplets. - Observatiolle at room temperature Indi- 
cated  unfrozen  droplet hages w e r e  always circular in outline (fig. 3). 
I n  photographs of droplets below -ZOO C, a considerable number of non- 
circular.   droplet  Images was noted ( f ig .  5). In general, two broad 
types of noncircular  droplet image were observed: type I, images of 
&&&regates of droplets that Epparently  froze  together (for exaqle, 
droplets 5, 6, and 7 of f ig .  6 and 5 of f ig .  7) ; type 11, images of 
i r regular ly  shaped droplets with various  types of protuberance  (for 
exemple, droplets I, 2, 3, 17, 18, 21, and 24 of f ig .  6) . Many images 
were found that w e r e  co6binations of the  two types. (such as droplet 
53, fig. 6 ) .  

The droplet me6 have been classif ied wTth respect t o  s ize  and - t T J p e  of image and the  results are tabulated in ta5les I and 11. The 
images that were considered as cofiiaations of the  two types were 
included in the type I group. The s o r t i n g  of droplet Fmages into 
type I and type I1 categories wa6  complicated by the poor definit ion of 
the  smaller  protuberances i n   t h e  photographs ma3rlng the boundary l i n e  
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between the two types  rathgr  indistinct. The noncircular  droplet 
images were therefore examined with a low parered  microscope and only 
those  irregularit ies which had a definitely  circular  outl ine were con- 
sidered as caused by coll ision. The remaining protuberances were 
included in  the  type I1 group. - 

. - .. 

- 1  

" " . . .  . . - ." 
" 

.. 

Computations of probabili t ies of coll isions between droplets of 
different  sizes and hence different terminal velocit ies have been made 
(appendix B)  . These, ,c-omptations  yielded  results  consistent  with  the 
hypothesis that type I images are the  resat  gf c o ~ s i o n s  between 
partly  frozen  droplets. The type I1 images were.probably  caused by 
droplets  that were distorted because of internal  forces  created during 
freezing  and by f r o s t  groirLh on the  frozen  surface of the  droplets. 

. 
I- 
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Nonclrcular  inages  of-  both  types  occurred more frequently i n  the 
absence of ver t ica l   a i r   ve loc i ty   in   the  duct  than  with  vertical air 
velocity.  This  difference i s  shown 'in a comparison of tables I and 11. 
The ver t ica l  air velocity  in  the  duct  prevented  the  smaller  droplets 
from entering  the  vertical  duct,  therefore  the  frewency' of coUlsion 
was reduced  (appendix B ) .  Thus, noncircular  type I images are  obviously - 

greater in  number with no ve r t i ca l  air velocity  present; however, the . 
presence of a greater number of type TI images u n e r   t h e  same conditione 
is not as readily  explained. A reasonable  explanation may be obtained 
by  considering  the  factors that may cause  protuberances t o  form. 
Pointed  prateerancee, o r  spicules, have been  observed on the frozen 
surface of small s-les of water  cooled in glass-  k b s  (reference I) , 
on droplets that were frozen  while  suspended f r o m  a thermocouple i n  the 
investigation by Johnson, and on the  surface of s leet   pel le ts   ( refer-  
ence 10). I t  is suggested in   reference 1 that the  spicules were formed' 
because of internal  pressure  created by the  freezing of the surf ace 
layer f i r s t  and  subsequent  rupture of the  surface  ice at a we& spot 
followed.by supercuoled water issuing  through-  the  break and forming a . 
tube that freezes.  Similarly, when a small supercdhled  droplet  freezes, 
particularly  if   the  .freezing starts &e a she l l .  over.. the  surface,  pres- 
s u e s  and s t ra ins  undoubtedly arise  within  the body of the droplet and 
may cause  -pointed  protuberances  or  other i r regular i t ies  to form at weak 
spots on the frozen  drople?  surface. The f ac t  that e g e s  of the  l ight  
source  (bright  spots) were found associated dth: -&iny images of frozen' 
droplet6 i n  the data of this report  indicates -that f r e e z h g  may have 
been taking  place~prgnarily  in  the  surface shell leaving l i q a d  i n  the 
center f0r.a period of tiw. Droplets  frozen ofi thermocorrples or on 
metallic  surfaces  usually have a milky appearance due to   t he  network of 
many dendritic  crystals formed within. This type of ice  would came 
considerable  scattering of t ranmi t ted   l igh t  and the  refracted'  lfght 
would probably  be of.   Insufficient  intensity  to cause a bright  spot ,at 
the  center of the droplet.image. If, however, only a th in   i ce   she l l  
formed first,  leaving  considera3le  clear. l i gu id  i n  the inter ior ,  a 
droplet would st i l l  transmit considerable   refracted  l ight   a t   th is  stage. 
A n  alternativ'e  explanation i s  that the  droplets  fre-eze with a clear, o r  
glassy,  ice  structure  throughout. 

II ." 

. .  . 
. . .- 

- . . 
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In  addition,  in  the  course of work at the G w i s  l&ora",ory  with 
t iroplets  sqported on a metallic  surface much colder than the  environ- 
ment, supercooled  droplets  observed in  prof i le  have frozen  f romthe 
m e t a l  supporting  surface up. As t he   l i ne  of demarcation between i c e  
and l i qu id  reached the  top of the  droplet a pointed  protuberance w a s  
o5served t o  form there.  This point  acted as a root   for  a f r ag i l e   t r ee -  
like f ros t   s t ruc ture ,  which grew  upward into the water-saturated air  
above. Thus, the  conception that pointed  protuberandes may form when 
f r ee   f a J l ing  droplets freeze is guite plausible.  Some .droplets show 
def in i te  evidence of the  existence of such  protuberances  (figs. 6 and 
7 ) .  D r o p l e t  a g e s  wTth irregular outlines due t o  protuberances and 
dendr i t ic   f ros t  growth (type  II 'haages) were more pronounced and more 
numerous (compare tables I and 11) when no qdraft  was  present in the  
duct. This would indicate that a considerable  portion of the  irregu- 
larities in the  shape of the  droplets was due t o  cryst-ne growth 
clue t o  reverse  sublimation after freezing. If the  surface irregulaz- 
i t i e s   r e s u l t e d   e n t i r e l y  from the  freezing  process,  then  duct  velocity 
sbould have had no e f fec t .  The  marked influence of th& air velocity 
Fn the  duct on the  formations was apparently a re f lec t ion  of the  varia- 
t i o n  of vapor-pressure  conditions  with  duct  velocity. 

There are two ways i n  which duct  velocity may have effected vapor- 
pressure  conditions  withfn  the  duct.  First,  the af-r dra-xn'up in to   the  
duct was r e l a t ive ly   d r i e r  than the air present  because it had passed 
over the  cooling  coils of t he  chaxiber, whlch were several  degrees 
colder than the  duct temperature. Second, inasmuch as the local vapor- 
pressure  gradient a t  any  point in the  duct is  a function of the rider 
of droplets  per unit volume and the  temperature of the droplets (which 
is i n   t u r n  a function of the   s ize  and posit ion of the  droplets   in   the 
duct) ' ,   the  fact that the  smaller droplets were removed from the duct 
with  the  presence of an updraft also affected  the  vapor-pressure 
conditions. 

On the basis of t& considerations in  the prece- discussion, 
the  average vapor pressure was estimated t o  be roughly  equal t o   t h e  
value  corresponding to   saturat ion  with  respect   to   ice  at the  duct tem- 
perature when an updraft w a s  present. When no -draft w a s  present  In 
the  duct,  the  aversge  humidity  appeared t o  be closer   to   the  condi t ion of 
saturation  with  respect  to water. Thus, when no updraft w a s  present, 
there  w a s  apparently an ample supply of mter vapor available for the 
growth of dendr i t ic   f ros t   s t ruc tures  on the  surface of frozen  droplets, 
par t icu lar ly  at protuberances. 

Droplet  collisions. - As previously mentioned, type I images were - due to aggregates of frozen-droplets which apparently  cohered after 
colliding.  Collisions between two or  more droplets in  the  following 
states are  possible: (1) l iquid  (but not  supercooled)  drqplets i n  the - 
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upper portion of the  duct, (2 )  hupercooled l i q u i d  droplets, ( 3 )  com- 
pletely  frozen  droplets, (4) partly  frozen  droplets o r  frozen  droplets 
with a w e t  surface,.and'(5) a frozen or partly frozen droplet with a 
supercooled  drop,let . 

~. .. 
.. . 

. _ L  

. .. .. . . I .  

" 
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Inasmuch as  the individual  droplets  in  the  aggregates usually 
ruughly  retained a spher ica l   sbpe  and 'the d r O p I e € S  cohered after co l l i -  
sion,  states ( 4 )  and' (5) appear t o  he .the m e t  probable  states  before 
col l is ion which  would acc-ount for images of type I. It i s  unlikely 
t h a t  completely  frozen  droplets  (state (3)) would stick  together and 
liquid  (not  supercooled)  droplets (state (1) ) would probably merge in to  
a single  larger  droplet  before  reachingc-r-&level. The effect   that  
a coll ision between supercooled  droplets would have on crystal l izat ion 
i s  uncertain. S.Lzperco.oled droplets have been obsewed t o  merge on a 
metallic  surface  without  freezing during the  process  (reference 3 ) .  
However,  what e f f ec t   t he   i n i t i a l  impact i n -  the  present  case would have 
on freezing is not known with  certainty 80 the  possibil i ty remains that 
the  supercooled drcrplets may freeze upon impact  and thus  largely  retaln 
their  individual  shapes.  Therefore, state ( 2 )  may also  exist  before 
coll ision. . .  . .  - " 

Because of the  possibil i ty that collisions- play an  important part 
i n  the growth of r a in  droplets f r o m  -cloud. dropleta through the  accre- - . 

t i on  of s d l e r  droplets  (reference 11) and i n  the crystal l izat ion of 
supercooled c louds , - i t  is desirable t o  c q a r e  the  observed  frequency 
of collision  obtained from the  photographic data (tables I and 11) 
with  the computed frequency  obtained by the  use of theoretfcal  collec- 
t ion  eff ic iencies  from reference U. The werage number of coll isions 
by a droplet of diameter. S falling 100 cent$neters e n g  smaller 
fall ing  droplets of diameter c was computed. The method of corriputa- 
t ion i s  presented i n  appendix B. Because of the small F u n t  of c o l l i -  
sion data available, it was necessary t o  group the  photographic data. 
The groupe-d computed sums of the  average number  of droplets i n  a given 
size range collected. by droplets of size . S were conrpared, therefore, 
with  the similarly groqied data (converted t o  a 100 cm fall qld . . 

weighted  according to   the  number of photographs  taken at each t e q c r a -  
ture)  obtained frdm t h e  photographs. The computations for droplets of 
s ize  S falling among smaller.falling  droplets in the size ranges from 
11.5 t o  23.0 microns and 23.0 t o  57.6 microns are campared w i t h  the 
experimentally  observe8  values in  figure 8; The calc-d,ated and obsewed 
average number -of dr-oplets collected by a larger" falling  droplet  are i n  
good general-agreement as t o  order of magnit*. when it is considered 
that the  following  uncertafnties were present: (1) Only a small amount 
of colllslon  data.was  obt-ained, ( 2 )  coalescence and bomke o f f  or  both 
may have Seen taking  place  in  an unknown fract ion of the c o ~ ~ i s i o n s ,  
(3) the  dropIet  density In  the duct waS determined a t  camera level  and 
nlay not have been representative of conditions in  the  enttrc  length of 

. .  

the duct, ( 4 )  an unknown portion of the  aggregates-of  .droplets may have. - ~ .  ..t.5 
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been so oriented  with  respect t o  the camera that they formed circular 
Images and thus were not included i n  the  col l is ion  s ta t is t ics ,  and (5) 
a portion of the  noncircular images classified. as type I1 may have 
Seen due to collisions md thus were not included. 

.I 
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Freezing.  teqperature  statist ics.  - Whereas the  photograghic method 
used i n  this investigation  perm2tted a gross stat is t ical   evaluat ion of 
the  relation between droplet s i z e  and freezing  temperature, a detailed 
study of the dependence of freezing  temperature on droplet  size by t h i s  
method w a s  k q r a c t i c a l  for two reasons: (I) The relatively sma l l  vol- 
LIQE of f i e l d  of view of the camera provided o n l y  a smll n-er of drop- 
lets in sb93p focus  per 8- by  10-inch.negative. (2) Inasmch RS each 
droplet was not  observed  throughout i t s  entire  cooling  period, small 
changes in appearance  could.  not be detected and therefore on ly  ,those . 

droplets  wtth a definite  nonspherical shape coulci be considered as 
frozen.  Since  these were often o n l y  a small fraction of the t o t a l  num- 
ber of droplets  present, it w a s  l ikely  that  a sizeable  portion of the 
droplets  with a spherical shape may have  been frozen. In spi te  of 
these  limitations  several  general  conclusions can be dram from the 
&,-La presented i n  tables I and 11: (1) A t  t q e r a t u r e s  between Oo and 
-ZOO C, no noncircular  droplet inmages were observed,  indicat5ng that 
for droplets  smaller  than 200 microns i n  diameter the frequency of 
occurrence of freezing i s  very small i n  t h i s  temperature  region. 
(Frequencies too small t o  be detected in this  investigation may, how- 
ever, be significant  in  the atmosphere  because of the  very  large ntrmber 
of droplets  present in a  cloud.) (2)  The r a t io  of the number of non- 
circular  droplet 3mages to   t he  sum of the number of circular  plus non- 
circular  droplet images was  larger at all temperatures for  the  large 
6roplet-size group (150 F) than  for  the small droplet-size grow (a2 11) 
inacating  that   the  droplet   freezing teqerature tends t o  Increase  with 
increasing  droplet  size. (3) The  appro-ke temperature at w-hich 
irregular droplet images appeared  agrees  reasonably  well  with  the 
average  temperature of the  frequency  distribution  curves  for  droplets of 
corresponding size in reference 3. Thus, the  results  given  in  refer- 
ence 3, for .  droplets  supported on a platinum  surface, are a t   l e a s t  
approxbately  the same as f o r  free-fall-  droplets in air. 

In addition, photographs  taken  with no ver t ica l   a i r   ve loc i ty   in  
the  duct at tenperatures between -So and -48.9 C (table II) indicated 
that  a very Large number of particles  (droplets o r  crystals)  below 
20 microns in diameter were present  in  the duct a t  temperatures between 
-360 and -48.5 C. The increase i n  number of par t ic les  was pmticular ly  
marked between 239O a,nd C.  This number w-as f a r   i n  excess of the 
n e e r  of droplets below 20 microns photographed at room temperature in  
s t i l l  air with  the  same-spray  nozzles  producing  droplets. This 
phenomenon is apparent from the comparison between the observed droplet- 
size spectrum at room temperature and the  particle-size spectrum  observed 
In the  temperature rmge -36O t o  -48.5O C presented in figure 9. The 
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large  increase  in number  of par t ic les  can be ascribed  to one of the 
following  causes: (1) the growth of .  small frozen  droplets  originally 
too small t o  be detected, ( 2 )  the growth of crystals formed from den- 
dr i t ic   sp l in te rs ,  (3). the  freezing and. subsequent growth of droplets 
formed on condensation  nuclei, and (4) the growth of crystals formed 
on sublimation  nuclei. The tenqerature  range i n  which these  particles 
appear i n  large numbers brackets  the  temperatures (-39O t o  -41° C )  
given i n  references 5 t o  7 f o r  the  transformation i n  the  laboratory of 
supercooled  clouds of.s-maU droplets to  ice-crystal  clouds. The 
absence of th i s   e f fec t  in the data taken  with an updraft of 7 centi-  
meters per second is readily  explained by the  fact  that all par t ic les  
smaller  than 46 microns i n  diameter were excluded from the  duct by 
upward entrainment in the   r is ing a i r  stream. 

The appearance of protuberances and dendrit ic  frost   structures on 
frozen  droplets  leads  to a hypothesis  concernfng the transformation of . 

supercooled  clouds to"ice  crystals  and a mechanism for  the  production 
of precipitation. The pointed  protuberances which formed at the top of 
droplets  supported by a metallic  surface and froze  in a water  saturated 
envbonment were observed i n  a previous  experiment t o  be the  locations 
of dendrit ic  crystal  growth. The tree-like  .ice  structures  observed  to 
grow from such paints  apparently  are 60 f rag i le  that air currents may 
break them off i n  fragments, which can become nuclei for  additional 
individual  crystall ine  particles.  The pointed  protuberances and other - 

i r regular i t ies  observed on free-falling  droplets may also be the  loca- 
t ion of fragile  dendrit ic  frost   structures,  which in   tu rn  may be a 
source of small ice-crystal  nuclei i n  the form of splinters  or fragments 
that  break o f f .  Some evidence  of.  dendritic growth on frozen  droplets 
is apparent i n  the photographs of free-fall ing  droplets.  

As an example, consider-the  case o f  w a r m  droplets at the  base of a 
cumulus cloud which are  being  carrted upward by convection  currents. 
A s  the air r i s e s  and cools,  the  droplets  are  wentually  supercooled. 
If the  droplets are carried  high enough, the  droplet.  temperatures  are 
lowered suff ic ient ly   for  some of the   l a rger   eople t s   to  become frozen. 
These droplets may then be the  source of numerous small ice-crystal  
spl inters .  These ice-spl iqters  can then. grow rapi-gy by reverse  subli- 
mation and in   turn  break  upinto  addi t ional   ice   spl inters ,  which came 
fur ther   crystal l izat ion of the  cloud and eventual  precipitation. 

The results 0b.t-b with..hhe apparatus  described i n  this report 
can o n l y  be considered as preliminary  because of the  serious  difficulty 
of separating  the  effects-caused by coll isions frgm those..inherent i n  

" 

" 
~ 

-"  . .. 
.. 

c 
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the  freezing  process itself. However, the results obtained do yield 

lets frozen in air, which in  turn throws sane light on the na.ture of 
t rans i t ions  f r o m  the liquid to the ice phase i n  clouds. In addition, 
the results obtalned  inspire more confidence in  the extrapolation of 
freezing statistics obtained f o r  droplets supported on a platinum sur- 
face to droplets suspended or  falling freely in  air in a natural cloud. 

- s igne ican t ,  If not conclusive, information concernhg the shape of drop- 
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APPENDIX A 

DETERMINATION OF DROPLET TEWERATURF: 

NACA RM E51Ll7 

A droplet   fa l l ing through t h e   c d d   v e r t i c a l  duct is cooled  by con- 
vective  heat  transfer,  radiation, and evaporation. The temperature of 
the  droplet q o n  reaching  the  bottom of the duct depends on the rate of 
heat  transfer from the droplet  to  the  surroundings and on the time f o r  
the  droplet  to f a l l  the  length of the  duct. Because the  droplets  orig- 
inate  from a spray and therefore have some unknam in i t ia l   ve loc i ty  a6 
they  enter  the  duct,  the final temperatures of ' drqpiets  fall ing through 
the  duct a t  terminal  velocity are computed to show that the fin@ t e m -  
gerature is  negligibly  different from environmental  temperature. If 
the  droplets  actually spend more than the' computed.tlme in the  duct 
(based on the  terminal  velocity of the  drop),  the computed values 
would indicate a greater  temperature  difference than the  actual  exis- 
ting  difference.  Incomputing  the  temperature  difference between the 
droplet  and i t s  environment at camera level,  the  duct-air  temgerature 
will be assumed to be uniforin and equal  to  the average  temperature of 
the two lower themcougles ,  which usually  differed by l e s s  than lo C.  
Inasmuch as both  radiative  heat  losses (which are small at tempera- 
tures  below 00 C )  and evaporative heat losses  tend to accelerate  the 
r a t e  of cooling  (pasticuhrly i n  t h e   q p e r   p o r t i o n  of the  duct)  over 
tha t  which would OCCUT because of convective heat tr-ansfer alone, 
these  losses will be  neglected for simpl$city of calculation  because 
only the  order of magnitude of the temperature  difference between drop- 
l e t  .temperature and air temperature at camera leve l  i s  desired. If the 
final  droplet  temperatures computed using  only  the  convective  heat- . 
transfer losses are negligibly  different from the  envlromknt,  the 
actual  temperatures should certainly be negligibly  different. 

. . ". - . . . - . " -. . . . - . . . " 
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rl 
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Tke differential   equation of convective heat transfer from a drop-. . . .. .--- 

let t o  i t s  environment is obtained by equating i.he heat  transfer  through 
the  droplet  surface t o  the change i n  heat  content of the droplet. " . 

Because the  water droplets are   l ess  than 200 micrans i n  diameter,  the 
temperature  can be assumed t o  be the same throughout  the  droplet volume ' 

a t  any instant of time, theref  ore - 

" 

. " - 

- 
. . . . . . . " -. . . . . . . . . . - . . . 

. .  " - . . - - " - ". " 
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." 

4sa2he d t  = - - ~ a :  cp de 4 3  
3 

1 

where a is droplet rauus, h - is  coefficient of heat transfer at the . 

droplet  surface, 8 i s  the temperature Wference  between the  droplet 

water,  and p i s  the density of water. The values of p ,  c, and h 
are assumed canstant f o r  thetemperature  range  considered. The solu- 
tion  of.  equation ( ~ l )  is  

.. . I 

1 and  surrounding air; t i s   t h e  time, . c i s .  the  heat  capacity of 
c 
" - 

" 

. .. .. 
." 
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which yields  the  teqperature  difference as a function of time. The 
initial temperature differelce is 60. 

The parameter  h is obtained from the N u s s e l t  rider f o r  spheres. 
Considerable  experimental work has been done on the determ5na.tion of 
Nusselt number as a function of Reynolds number and has been' summazized 
by G. C. Williams at  M.I.T. and is par t ly  summarized in reference 12. 
According t o  Williams, the  Nusselt number increases  with Reynolds 
number f o r  values of Reynolds number above 20. For Reynolds numbers 
below 20, the  Nusselt nmiber approaches 2. An equation for R u s s e l t '  
number which fits quite  well  the  eqerimental  values summarized by 
Williams i s  

N = 2 + 0.219 

2ah 2aVPa where B = - is  the  Nusselt number and Re = - is  the Reynolds k K 
number. A130, k I s  the thermal conductivity'of air, p is the 
dynamic viscosity of air, V i s  the air velocity (with respect t o  the 
sphere), and pa I s  the air  density. In the computation of N and h 
the following values of k, p, and pa'' at -ZOO C as obtained from 
reference 13 were substituted in equation ( ~ 3 ) :  

k = 5 . 4 5 ~ ~ 0 - ~ (  cal)  (an-') (sec") (OC-') 

CI. = 1.615X10-*(g)(~m-~)(sec-l) 

'a = 1. 3769X10-3(g) ( 

The velocity V i s  assumed t o  be the  terminal  velocity of a 
draplet. The terminal  velocity as a function -of- droplet  size at an 
air temperature of -200 C and an air pressure of 75 centbe ters  of 
mercury has been computed from the modified  Stokes l a w  equation 



where K = - represents   the  effect   of-var ia t ioi  i n  drag force on 
24 

the  droplet  with  variation i n  velocity and CD i s  the drag coefficient . .  

f o r  8 sphere. When 2a is  less  than 50 microne, K 16 pract ical ly  1 
and equation (A4) becomes essentially  Stokes' l a w .  The value  of K is 
tabulated a6 a function of Reynolds number i n  reference 11. The ter- 
minal velocity as a function of droplet  diameter has been computed by 
successive  ap-proxbtion from this table and equation ( A 4 ) .  

. -. 

4 
10 
trl 
(u The Reynolds number, Nusselt number, and hC"liave been  successlvely 

computed from the terminal velocity. Also, the the for  droplets of a 
given  size  to  travel the length (127 cm) of the vertical  duct at t e r -  
m i n a l  velocity has been computed. Then the r a t i o  e/eo ha6 been corn- 
puted  for two duct-air  velocity condLtions and is giyep.-in.fiwe-+, -" _- 

" 
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DROPIET COILISION C-IONS 

Among the photographs  taken at air  temperatures below -ZOO C there 
are a s m a l l  number of images that appear t o  be  the  result of collisions 
Setween partly  frozen  droplets. These, however, consti tute a consid- 
erable  percentage of the noncfrcular droplet lmgges. A s t a t i s t i c a l  tab-  
ulation of the n-er of droplet images classified  into,   several   cate- 
gories including collisions i s  given i n  tables I and LI. C o m p u t a t i o n s  
have been made of the  probabili t ies of collision  in  order to  determine 
the  plausibi l i ty  of the   s ta t i s t ica l  results. 

The average n-er of droplets N of a given size c coll iding 

with a droplet of diameter S i s  given by 
s , c  

where 

E collection  efficiency  for  droplet of diameter S f ~ ~ n .  i n  air 
- 

s ,c . containing smaller  droplets of diameter c 

LS length of f a l l  of droplet of diameter S 

LC 
length of fall of droplet of diameter c i n  time required  for 

Cizoplets of size S t o  f a l l  a distance Ls 

As cross-sectional  mea of droplet of diameter S 

nC number of droplets  per  cubic  centimeter of diameter c present 
in path of fa l l ing  droplet  of diameter S 

The collection  efficiency ES,c is obtained from reference l l .  

The length of f a l l  f o r  droplets of diameter S w&s a rb i t r a r i l y  
chosen as 100 centimeters and the  corresponding  length of f a l l  LC for 
droplets of diameter c m6 computed from 

I 

. vc 
LC = 100 - vs 
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where - - .. -. - 

V, terminal velocity of .droplet af diameter c . 

VQ terminal  velocity of droplet of d _ l t e r  S 

Terminal velocit ies can be used in the calculations because the time 
required to reach terminal velocity for drqplets.  smaller  than 
200 microns is a small f ract ion of a second. 

The number of droplets per  cubic. centimc$xr pc of s ize  c was 
obtained from the photographs  by dividing  the number of droplet images 
i n  R given s ize  range of mean diameter c by the   to ta l  voluxe of f i e l d  
photographed. . .  . . . .  . .  

. .  . . .  - 

Because of the small amount of col l is ion data available it was 
necessary t o  group the data. Therefore,  the grouped computed sums of 
the average number of droplets  in R given s i z e  range collected by 
6roplets of s ize  S were coprpared w-ith the s imikr ly  grouped data 
(converted  to. R 1 0 0 .  cm f a l l  and weighted accord ing t o  the number of 
negatives at each. teqerature)  from the  photographs. A comparison 
between computed and observed frequency of cbi l is ion i s  presented in 
figure 8. 
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Figure 1. - Schenatic drawing of apparatus. 
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F:gure 2. - Apparatus fn place in large reffigeratian chamber. 



22 NACA FtM E51L17 

0 . . .  

I I ,  . . . . . . . . . .  I , ,  . - I, I ......... I .............. - .. 



NACA RM E5U17 23 

""- 

100 200 300 400 500 600 700 
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Figure 4. - Ratio of final temperature difference between droplet temperature 
and 6uct-aFr  temperature to initial tempereture difference e/@, f o r  drop- 
lets falling 127 centimeters at tenuinal velocity for various droplet 
iiameters. 
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Firgrcre 7 .  - Droplets frozen w L f l e  falling freely in column of air  with updraf t  of 7 centi- 
meters per second and aii. temperature range of -25' to -51'. C. Approximately 7OX. 
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1 2 3 4 5 

Figure 7.  - Droplets frozen wL1le Pal l ing f ree ly  in coluum of air with updraft of 7 centt- 
uleters  per second and air temperature range of -25” to -51’ C. ApproxFmately 7OX. 
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(a) Collected  droplets i n  diameter range 
from U.5 t o  23.0 mfcrons. 

Figure 8. - Camparison of observed and calculated  average number 
of droplets  collected by droplet of diameter S falling 
100 centimeters in sti l l  air among smaller falling droplets. 
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(bj Collected  droplets i n  diameter raage 
from 23.0 to 57 microns. 

F igure  8 .  - Concluded. Comparison of..pbserved and 
caicalated  average number of  droplets collected 
by ciroplet of W e t e r  S falling 100 centimeters 
i n  s t i l l  air among smaller falling droplets. 
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(a) Collected  droplets Fn diameter r a g e  
from U. 5 to 23.0 microns. 

120 

Figure 8. - Comparison of observed md calculated average mufiber 

100 centimeters i n  still a i r  among smaller falling droplets. 
, of droplets collected by droplet of diameter S falling 
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(b) Collected droplets- in diameter range 
from 23.0 to 57 microns. 

Figure 8.  - Concluaed.. Comparison of observed and 
1:aiculated average number of droplets .  coUectea- 
by droplet of d imeter  S fal~s@;_loO..cent.im.eters 
in still air among smaller f ' a l l i n g  droplets. 
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